In order to better understand the strategies of locomotion in small insects, we have studied continuous level locomotion of the wood ant species Formica polyctena. We determined the three-dimensional centre of mass kinematics during the gait cycle and recorded the ground reaction forces of single legs utilizing a self-developed test site. Our findings show that the animals used the same gait dynamics across a wide speed range without dissolving the tripodal stride pattern. To achieve higher velocities the ants proportionally increased stride length and stepping frequency. The centre of mass energetics indicated a bouncing gait, in which horizontal kinetic and gravitational potential energy fluctuated in close phase. We determined a high degree of compliance especially in the front legs, as the effective leg length was nearly halved during the contact phase. This leads to only small vertical oscillations of the body, which are important in maintaining ground contact. Bouncing gaits without aerial phases seem to be a common strategy in small runners and can be sufficiently described by the bipedal spring-loaded inverted pendulum model. Thus, with our results, we provide evidence that wood ants perform "grounded running".
INTRODUCTION
conservative model. Depending on the stiffness of the legs and style, the BSLIP-model recovery can 48 assume all values between 0% and 100% (ignoring collision loss). The recovery values measured for 49 the cockroach varied with a mean of 15.7%, supporting a bouncing gait (Full and Tu, 1990 ).
50
Elastic structures in the legs are advantageous for bouncing gaits. Since the joint axes are aligned 51 vertically in the hind leg of cockroaches, the exoskeleton can operate as an energy-conserving spring 52 while running (Dudek and Full, 2006) . However, this does not apply for all insect species. For instance,
53
in the case of ants, the leg plane is orientated perpendicular to the substrate. Consequently, the joint 54 axes are orientated parallel to the ground and the exoskeleton cannot function as a passive spring 55 element without contribution of muscles and apodemes in the joints. Nevertheless, due to the existence 56 of resilin, a certain degree of passive elasticity cannot be ruled out in the ant leg (Weis-Fogh, 1960) .
57
This long-chained protein is ideally suited as an energy store and has been found between the leg 
61
However, it is unclear to what extent resilin may support bouncing dynamics and, furthermore, the 62 magnitude of energy recovery mechanisms in small insects has not yet been elucidated. It has even 63 been argued that animals weighing less than 1 kg are not using energy recovery and locomotion is 64 generated and maintained by muscle contraction alone (Reilly et al., 2007) . In addition, the influence of 65 relative friction and viscosity (damping ratio) of the limbs is notedly higher in ants than in larger animals, 66 due to their extremely low weight and size (Garcia et al., 2000) . Moreover, forces like drag and those 67 involved in securing a foothold hinder propulsion as well (Full and Koehl, 1993; Federle et al., 2000) ,
68
and the energetic cost of locomotion are disproportionally high (Full, 1991) .
69
From this point of view, it is difficult to predict which movement strategy ants are using. The concepts 70 on global CoM-dynamics (IP and SLIP models) introduce virtual legs, which are generated by the co- 
Mass distribution

79
In Table 1 and Fig. 1 the results of the mass distribution are given. The cumulated segment masses 80 resulted the same values as the weighing of the living animals (paired t-test, P = 0.01). A large proportion 81 (58%) of the total mass (m) was concentrated in the gaster (abdomen). Accordingly, the total CoM has 82 to be near this body part. The variability in the gaster mass (s.d.: 3.1 mg or 14%) was high due to its 83 variable filling level (Josens et al., 1998) . This variability determined completely the variability of the total 84 mass of the ant. Levene's test for homogeneity of variance revealed that the variances of both groups 85 do not differ (P = 0.97). All other segments showed only minor variations of about 1% body weight. 86
Moreover, the gaster weight strongly correlated with the total mass of the animals (Pearson correlation: 87 r = 0.98). The mass of all legs added up to only 10% of body weight and all had approximately the same 88 size. Thus, the weight of a single leg does not exceeded 2% of the ant's total mass.
89
Stride pattern
90
In our experiments, Formica polyctena showed a tripodal stride pattern with no more than three legs in 91 the air at any time. There were overlapping phases of both tripods (double support) in which all legs 92 were on the ground partially. The middle leg initiated the contact phase and touched the ground a bit 93 earlier than the other two legs of the same tripod (R2, Fig. 2 ). An average step cycle in the investigated 94 velocity range (9.5 cm/s to 12.5 cm/s) lasted 85.8±3.2 ms (mean ± s.d.) which corresponds to a stepping 95 frequency (f) of 11.7±0.4 Hz. For all legs, the contact phase was longer than the swing phase. This 96 applied in particular to the middle legs, where the duty factor (du) was 0.62 (cp. Table 2 ). At the front 97 and hind legs the contact phase was clearly shorter and the duty factor accordingly smaller. Most step 98 parameters were speed-dependent (Fig. 3) . With increasing speed (v), the contact time (tco) linearly 99 decreased while swing time (tsw) remained constant at about 35 ms (Fig. 3A) . The intersection point of 100 both regression lines was at 18.8 cm/s. Thus, at speeds above this value, the swing phase was longer 101 than the ground contact and the duty factor fell below 50% (Fig. 3C) . As expected the contact (sco) and 102 swing width (ssw) increased with speed. Again, there was a linear relationship between both variables 103 ( Fig. 3B ). Stride length (scy) and stepping frequency were also linearly dependent on speed (Fig. 3E-F) .
104
Three-dimensional motion of the CoM
105
In a single step cycle, the CoM covered a distance of 9.4±0.7 mm in anterio-posterior direction (x, Fig. 4 ).
106
The forward speed (vx) rapidly decreased in the double support phase and steadily increased during the 107 remainder of the gait cycle. Correspondingly, negative accelerations in the x-direction (ax) were found 108 during the double support. In the lateral direction (y), the CoM oscillated around zero. Around midstance 109 the maximum lateral displacement of about 0.1 mm was reached at the side where two legs were on 110 the ground, and subsequently the CoM swung back to the other side. On average the CoM was 111 2.5±0.4 mm above the ground (z) and fluctuated around this value sinusoidal with double step 112 frequency. In the initial stance phase until the end of double support, the CoM was lowered by about 113 0.1 mm. Thereafter it was raised again to its highest point at midstance. In accordance with this, the 114 vertical velocity was positive until midstance. In the phases where all legs were on the ground,
115
accelerations of up to 5 m/s² were registered.
116
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CoM mechanics in the contact phase
117
For evaluating the gait dynamics, we calculated the CoM energetics during the contact phase of one 118 tripod in all investigated steps. Besides linear regression analysis (Fig. 3G-I ), the influence of running 119 speed on CoM mechanics was determined by classifying the trials into two velocity groups (G) using a 120 median split. Thus, we obtained one sample with slower (G1, v < 11.5 cm/s, N = 43) and one with faster 121 runs (G2, v > 11.5 cm/s, N = 42). Both in G1 and in G2 potential (Epot) and kinetic (Ekin) energy proceeded 122 nearly in phase in a sinusoidal pattern (Fig. 5A) . Around 20-30% of contact a first minimum occurred in
123
Epot and Ekin. Kinetic energy reached its maximum value between 65 and 75% at all speeds. The 124 maximum of the potential energy, i.e. the highest CoM position, was found between 60 and 80%, 125 whereby the maximum was reached later at G2. The CoM was raised at higher speeds ( Fig. 5B and 126 Table 3 ). Although the regression analysis revealed only a weak correlation (r² = 0.1) between v and 127 hCoM (Fig. 3G) , we found significantly higher values for hCoM (two-tailed t-test, P = 0.02) in G2.
128
Consequently, the potential energy oscillated around a higher value at G2 (0.56 µJ) compared to G1
129
(0.48 µJ, cp. Fig. 5A ). Due to the greater velocities (cp. (Fig. 6A) . However, the gaster tip 143 (B4) remained nearly at the same spot and kept its orientation (see below). Moreover, during the entire 144 individual step cycle, the angular position of the three main segments to each other varied little. The 145 peak-to-peak amplitudes of all rotational movements amounted to less than 5° (Fig. 7A) . In particular,
146
the angle between caput and thorax (β) almost did not change but remained at 139.4±1.9° (Table 4) .
147
The same applied to the gaster-substrate-angle (ε), which on average remained at 41.4±2.3° with an 148 angular velocity around zero (Fig. 7B) . The most distinct rotational motion was the pitch movement of 149 the thorax-caput complex around the petiolus and is reflected in α and δ. Due to the steady gaster 150 position both showed an almost identical cosinusoidal time course with two oscillations per gait cycle.
151
On average α oscillated around 22.7±2.3° while δ amounted to 161.3±2.3°. This rotation was performed 152 at angular velocities of up to ±500 °/s (Fig. 7B) . We calculated the rotational energy of pitch and found 
Three-dimensional ground reaction forces
158
The front and middle leg pair generated only minor propulsive forces over the entire contact phase 159 (Fx > 0, Fig. 8 ), and braked especially during the first half of stance. Contrary to this, the hind legs 160 produced relatively high positive forces in running direction before slightly braking towards the end. In 161 the lateral (Fy) direction, the middle as well as the hind leg produced consistently negative forces (i.e.
162
pressing them outward). However, we registered no significant forces in the lateral direction in the front 163 legs. All legs generated positive, substrate normal forces (pressing on the substrate), whereby the time 164 courses of the middle and hind leg were very similar. Up until 30% of stance both time courses steeply 165 increased up to 0.5 body weight and subsequently fell off continuously. At midstance, the three legs all 166 had the same force values (one-third body weight). The front legs generated the same vertical force 167 over a major part of the contact. Thus, the body weight was shifted more and more towards the cranial 168 legs. With knowledge of the individual leg forces and the stride pattern, we calculated the total leg-169 generated force acting on the CoM (Fig. 9A) . While the vertical (Fz, red) and fore-aft force (Fx, blue) went 170 through two cycles per step, only one period was to be seen in the lateral direction (Fy, green). 
177
Subsumption
178
In the following paragraph, we use a representative image sequence ( 
217
In our experiments, we found no significant adaptions in gait dynamics to running speed over the would be the result. In contrast, this could not be proven, although we determined values below 0.5 in a 225 few trials. This is most likely due to measurement inaccuracies. Since the sample rate of kinematics was 226 500 Hz phase durations could only be determined with an error of ±4 ms. Based on linear regression 227 analysis we expect a gait cycle time around 70 ms at running speeds near 20 cm/s (Fig. 3A) . With an 228 assumed contact duration of 35 ms (duty factor of 0.5), the estimated duty factor can range between 229 0.42 and 0.59 within the specified range of error. Since we could not find runs above 21 cm/s and we 230 did not observe aerial phases, we conclude that Formica polyctena does not perform a gait change.
231
Therefore, we conclude that this is the maximum possible velocity of this species.
232
This assumption is confirmed by other studies on the closely related species Formica pratensis. In more (Table 2 and Fig. 3A ). This is associated with a stepping 240 frequency of approximately 16 Hz (Fig. 3F) . Across the investigated speed range, the swing phase 241 duration remained nearly constant at 35.4±4.4 ms. Hence we conclude that the ants performed the 242 swing phase always as quickly as possible, most likely in order to quickly reach ground contact again.
243
Since the step length is limited by leg length, higher velocities could only be achieved by higher step 244 frequencies. This in turn means that both the contact and the swing time must be reduced if the duty 245 factor should stay above 0.5. Thus, the maximum speed seems to be determined by the duration of the 246 swing phase or rather the ability of the animals to perform this movement.
247
Vaulting or bouncing
248
At first glance, the absence of aerial phases and the related duty factors above 0.5 suggest a walking Table 3 ). Furthermore, the CoM did not reach its highest point before 60% of stance time ( antagonists to the leg muscles (Neff et al., 2000) . In this way, it is possible to produce restoring forces 307 without muscle activity. Additionally, it is also conceivable that this effect is used as a drive for the leg 308 extension in the swing phase. As previously mentioned, leg compliance in the front leg of Formica 309 polyctena is mainly reached by flexion in the femur-tibia joint. This leads to an eccentric load of the leg 310 extensor muscles during the contact phase. Therefore, we assume that there is a considerable 311 contribution to leg compliance by muscle activity. However, in future studies, skeletal anatomy and 312 muscle architecture of walking legs of fast running ant species should be examined in more detail to 313 allow for a discrimination of the mechanisms.
314
Mechanical cost of transport
315
The investigated ants moved with a preferred speed around 11 cm/s, a step length of approximately 316 9 mm and a step frequency of 12 Hz. Consequently, they pass 111 gait cycles in 9 s to cover a distance 
340
Since the mass of the abdomen, which amounts to nearly 60% of the body mass (Table 1 and 
344
Ground reaction forces
345
Due to the modified experimental procedure (cp. materials and methods) we caused a behaviour 346 modification in comparison to our previous studies (Reinhardt et al., 2009) . In this way, exploratory 347 behaviour was strongly reduced and the ants were trained on steady fast locomotion. Naturally, these 348 changes were associated with changes in the ground reaction forces. This is particularly evident in the were identified for the hind leg, providing evidence again for its role as the primary propulsion unit.
357
The force patterns of the first test series revealed similarities to vertical climbing cockroaches, which (Fig. 9B) . Furthermore, no inward directed lateral forces were found in any leg.
372
The sum of the leg-generated forces (Fig. 9A) , which could be considered to be the total force acting on 373 the CoM, was oscillated in a similar manner (Full and Tu, 1990 ). In the fore-aft direction, an initial 
382
Conclusions
383
In conclusion, there is evidence that the investigated ants performed grounded running. This type of gait 
392
MATERIALS AND METHODS
393
Animals
394
The presented studies were conducted between summer and autumn on workers of the local ant species 
407
Experimental setup
408
The kinematics were recorded with an extremely light-sensitive high-speed camera (Fastcam SA3,
409
Photron, San Diego, USA) which reduces the need of additional lighting (LED illumination with a total 410 power of 4 Watt). One sidewall of the track was equipped with optical prisms so that the motion 411 sequences could be recorded from the sagittal and the horizontal plane synchronously with a single 412 camera (Fig. 11A) . The substrate was covered with graph paper and the tread (4 x 4 mm) of a highly 413 sensitive, three-dimensional, ultra-miniature force plate was embedded in the middle of the runway 414 (Fig. 11B ). We used a 3D CAD and simulation software to design the force plate and to calculate its
415
properties by the finite element method. For production of the prototype, we used the stereolithography Germany) was used to detect the signals of the strain gages with a sampling rate of 1200 Hz. All further 420 calculations were made in MATLAB R2010a (The MathWorks, Natick, MA, USA). We selected a zero 421 order Savitzky-Golay smoothing algorithm with a box width of 5 points (4.2 ms). Thus, we were able to 422 measure events until 240 Hz without any loss in signal.
423
Coordinate system
424
The same system of coordinates was used for the kinematic and dynamic investigations (Fig. 11C) . The 
483
Body angles
484
For describing the sagittal plane kinematics we calculated five angles (Fig. 12) . Those were the angles 485 between thorax and substrate (α), thorax and caput (β), caput und substrate (γ), thorax and gaster (δ) 486 as well as the angle between gaster und substrate (ε). In addition, the angle between the thorax and the 487 x-axis (ζ) was calculated in the transverse plane.
488
Centre of mass mechanics
489
To classify the gait into existing models of locomotion, it is imperative to calculate the fluctuations of 
503
Mass distribution
504
To determine the sub-segment masses ten animals were selected, which were similar in size and weight 
511
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695
Shown is the average temporal sequence of the ground contacts of all legs (left: L1-L3, right: R1-R3).
696
The measures are normalised to the gait cycle time (black bars, 0-100%) which is defined by the right 697 middle leg (R2). The extrapolated sequences of the previous (-100-0%) and subsequent (100-200%) 
